


























characterize	 the	 copolymer	 formed	 and	 compare	 it	 to	 the	 conventionally	 and	
commercially	 used	 VAE	 emulsion	 copolymer,	 and	 highlight	 any	 advantages	 of	 VAE	
miniemulsions	over	normal	VAE	emulsions.	Miniemulsions	have	shown	to	be	more	stable	
and	 long-lasting	 than	 emulsions	 in	 terms	 of	 particle	 size	 distributions.	 The	 amount	 of	
ethylene	 incorporated	 in	 the	 copolymer	 is	 higher	 in	 the	 case	 of	 miniemulsions	 as	

































































































































































































































































homo-polymerization	 experiments	 with	 different	monomer	 concentrations	 –	 0.166	 g-
VAc/g-mixture	(ME-VAc	01	and	ME-VAc	14)	and	0.265	g-VAc/g-mixture	(ME-VAc	03	and	
ME-VAc	17),	with	other	reaction	conditions	being	the	same.	























experiments	 with	 different	monomer	 concentrations,	 other	 reaction	 conditions	 being	
similar.	
Figure	 5.4.	 Particle	 size	 distributions	 of	 VAE	 copolymers	 with	 different	











Figure	 5.6.	 Particle	 size	 distribution	 of	 a	 very	 stable	 emulsion	 (ME-VAE	 45),	 with	 a	
surfactant	concentration	of	1.00%	mol-SDS/mol	VAc.		




Figure	5.9.	 Plot	of	ethylene	 to	vinyl	 acetate	molar	 ratio	 in	 copolymer	as	a	 function	of	
ethylene	partial	pressure	(psig)	for	VAE	emulsion	copolymerization.	
Figure	5.10.	Particle	size	distributions	of	normal	emulsion	VAE	copolymerization	runs	at	











Figure	 5.13.	 Plot	 of	 viscosity	 (Pa.s)	 versus	 shear	 stress	 (Pa)	 for	 two	 VAE	 emulsion	
copolymerization	 runs:	 	 one	 at	 a	 lower	 pressure	 of	 80	 psig	while	 the	 other	 at	 higher	
pressure	of	200	psig.	
Figure	 6.1.	 Plot	 of	 total	 solids	 content	 (g-polymer/g-mixture)	with	 time	 (min)	 for	 VAE	
miniemulsion	 copolymer	 (MU-VAE	 10	 and	 MU-VAE	 55:	 0.265	 g-VAc/g-mixture)	 as	
compared	to	that	of	VAc	miniemulsion	homo-polymer	(MH-VAc	05	and	MH-VAc	19:	0.265	
g-VAc/g-mixture)	 and	 VAE	 emulsion	 copolymer	 (ME-VAE	 04	 and	ME-VAE	 49:	 0.263	 g-
VAc/g-mixture).	
Figure	6.2.	VAc	conversion	(-)	and	overall	total	solids	content	(g-polymer/g-mixture)	with	
time	 (min)	 for	 VAE	 miniemulsion	 copolymerization	 run	 (MU-VAE	 48:	 0.159	 g-VAc/g-
mixture,	 80	 psig	 Eth,	 1.16%	 mol-SDS/mol-VAc,	 0.50%	 mol-KPS/mol-VAc,	 7.05%	 mol-
HD/mol-VAc,	60°C,	400	rpm).	
Figure	6.3.	Plot	of	vinyl	acetate	conversion	versus	time	for	an	emulsion	(ME-VAE	45:	0.159	












Figure	 6.6.	 Plot	 of	 viscosity	 versus	 shear	 stress	 for	 miniemulsion	 latexes	 formed	 by	
ultrasonication	and	homogenizing.	
Figure	 6.7.	 Plot	 of	 viscosity	 versus	 shear	 rate	 for	 a	 VAE	 emulsion	 and	 miniemulsion	
copolymer	latex.	
Figure	6.8.	 Plot	of	ethylene	 to	vinyl	 acetate	molar	 ratio	 in	 copolymer	as	a	 function	of	
ethylene	partial	pressure	(psig)	for	VAE	miniemulsion	copolymerization.	
Figure	 6.9.	 Particle	 size	 distributions	 of	miniemulsion	 emulsion	 VAE	 copolymerization	
runs	at	different	ethylene	partial	pressures	taken	over	a	period	of	2	weeks	corresponding		
Figure	6.10.	Mean	particle	size	(nm)	as	a	function	of	time	(days)	of	four	VAE	miniemulsion	


































Figure	 6.16.	 Plot	 of	 ethylene	mole	 fraction	 in	 copolymer	 phase	 versus	 ethylene	mole	
fraction	 in	 bulk	 monomer	 phase	 for	 both	 VAE	 emulsion	 and	 miniemulsion	
copolymerization	runs.	
















































in	 the	 presence	 of	 an	 aqueous	 solution	 of	 an	 emulsifier	 in	 a	 suitable	 container.	 The	
monomer	is	thus	present	almost	entirely	as	emulsion	droplets	dispersed	in	water.	Within	














[2].	 It	 is	 during	 the	 second	 period	 that	 polymerization	 within	 the	 monomer-swollen	
polymer	 particles	 occurs	 with	 monomers	 supplied	 by	 diffusion	 from	 the	 monomer	





Miniemulsion	 polymerization	 is	 a	 special	 case	 of	 emulsion	 polymerization	 that	
involves	 the	use	of	an	effective	surfactant/co-surfactant	system	to	produce	very	small	
(0.01–0.5	 mm)	 monomer	 droplets	 [3].	 The	 monomer	 droplet	 specific	 surface	 area	 in	
miniemulsion	system	is	much	larger	than	those	in	the	conventional	emulsion,	thus	most	
of	the	surfactant	is	adsorbed	to	the	monomer	droplet	surface,	leaving	no	micelles,	and	
little	 surfactant	 to	 stabilize	 newly-formed	 primary	 particles	 [4].	 Particle	 nucleation	 is	







miniemulsion	 polymerization,	 thus	 monomers	 with	 very	 low	 water	 solubility	 (i.e.,	








stability	 of	 the	 resulting	 latex.	 Anionic	 surfactants	 are	 known	 to	 be	 strong	 particle	
generators	 and	 stabilize	 the	 latex	 particles	 via	 electrostatic	 repulsion	mechanism	 [6].	
Sodium	dodecyl	sulfate	(SDS)	has	been	used	as	the	anionic	surfactant	in	this	study.	The	
concentrations	 of	 SDS	 used	 are	 well	 above	 the	 critical	 micellar	 concentration	 (CMC).	




















brittle	nature	of	poly-vinyl	 acetate	 (pVAc)	homo-polymer	necessitates	 its	 softening	by	
other	 monomers	 through	 copolymerization	 reactions	 [9].	 Among	 these	 monomers,	
ethylene	 which	 is	 produced	 in	 large	 scale	 in	 petrochemical	 industry	 has	 been	 used	










and	 cost-performance	 while	 offering	 superior	 adhesive	 binding	 properties	 along	 with	
more	user-friendly	compounding	characteristics	[11].	Laminating	applications	represent	
another	 substantial	 use	 for	 VAE	 adhesive	 glue	 [12].	 Flexible	 packaging	 adhesives	










loci	 (polymer	particles).	 The	effect	of	pressure	on	 the	ethylene	 incorporation	has	also	
been	studied	[16].	It	has	been	shown	that	on	comparing	two	reactions	which	were	run	at	
different	pressures	keeping	all	the	other	conditions	constant,	as	the	pressure	increased,	
ethylene	 percent	 and	 molecular	 weight	 (Mn)	 of	 copolymer	 increased.	 In	 this	 study,	
emulsion	copolymerization	of	vinyl	acetate	and	ethylene	is	reported.	The	incorporation	









Many	 properties	 such	 as	 glass	 transition	 temperature	 and	water	 resistance	 of	
coatings	 prepared	 from	 VAc	 emulsion	 polymers	 can	 be	 significantly	 improved	 if	 very	
hydrophobic	monomers	like	ethylene	are	incorporated	into	the	polymer	backbone	[17].	
During	 the	 nucleation	 phase	 of	 polymerization,	 polymer	 particles	 undergo	 substantial	
growth	 by	 polymerization.	 It	 becomes	 necessary	 for	 the	 comonomers	 (VAc	 and	 Eth)	
required	 for	 the	 polymerization	 to	 be	 transported	 via	 diffusion	 through	 the	 aqueous	
phase.	However,	mass	transfer	of	these	monomers	from	monomer	droplets	to	polymer	
particles	through	the	aqueous	phase	is	controlled	by	diffusion,	and	therefore	cannot	be	
readily	 incorporated	 into	 the	 polymer	 in	 conventional	 emulsion	 polymerization.	 It	
becomes	 all	 the	more	 difficult	 for	 sparingly	water	 soluble	monomers	 like	 ethylene	 to	
diffuse	 through	 the	 aqueous	 phase.	 This	 represents	 a	 limitation	 of	 the	 conventional	
emulsion	 polymerization	 and	 also	 a	 motivation	 to	 research	 on	 alternate	 methods	 of	
ethylene	incorporation.	The	need	of	mass	transport	of	monomer	through	the	aqueous	









the	 process	 of	 ethylene	 incorporation	 in	 the	 VAE	 emulsion	 and	 miniemulsion	
polymerization	 technique	 at	 low	 and	 high	 ethylene	 pressures,	 and	 to	 also	 study	 the	
stability,	 properties	 and	 differences,	 if	 not	 advantages,	 of	 a	 VAE	 latex	 generated	 by	
miniemulsion	copolymerization	as	compared	to	that	generated	via	normal	conventional	
emulsion	copolymerization.		
Chapter	 2	 presents	 a	 review	 of	 literature	 needed	 to	 have	 a	 thorough	
understanding	 of	 the	 topic	 and	 identify	 similar	work	 done	within	 the	 area.	 Chapter	 3	
outlines	 a	 brief	 description	 of	 the	 materials	 used	 in	 the	 study	 and	 the	 analytical	
techniques	and	methods	employed.	Chapters	4,	5	and	6	describe	in	detail	all	the	results	
obtained	as	part	of	emulsion	and	miniemulsion	VAc	homo-polymerization,	VAE	emulsion	









A	 wide	 range	 of	 synthetic	 polymeric	 materials	 like	 paints	 and	 coatings	 are	
commercially	 produced	 by	 emulsion	 polymerization	 [21].	 VAE	 emulsions	 have	 been	
developed	 with	 excellent	 properties	 for	 use	 in	 paints,	 coatings,	 cement	 modifiers,	
adhesives,	and	paper	processing	[17].	VAE	should	not	be	confused	with	EVA	copolymers,	
for	the	vinyl	acetate	content	of	EVA	is	below	40%	while	that	for	VAE	is	at	least	50%	[2].	









Surfactants	 help	 to	 reduce	 the	 interfacial	 tension	 between	 the	monomer	 (oil)	












nucleation	 of	 particles	 and	 as	 chain	 transfer	 agents.	 The	 effects	 of	 different	 colloidal	
stabilizers	 on	 vinyl-acetate	 copolymer	 emulsions	 and	 films	 have	 been	 studied	 [9].	 In	
general,	anionic	emulsifiers	are	extensively	preferred	in	many	emulsion	polymerization	
systems.	 They	 serve	 as	 strong	 particle	 generators	 and	 stabilize	 the	 latex	 particles	 via	
electrostatic	 repulsion	 mechanism.	 Examples	 of	 anionic	 emulsifiers	 include	 cetyl	




of	 initiating	species	or	 free	radicals	and	as	a	result,	many	properties	of	 the	copolymer	
concerning	stability	such	as	particle	size,	distribution,	and	average	molecular	weight	are	
affected	[23].	The	rate	of	initiation	is	plays	a	significant	role	in	obtaining	monodisperse	
polymer	 particles	 during	 emulsion	 polymerization	 processes.	 Selection	 of	 a	 suitable	
initiator	 for	 a	 system	 is	 a	 crucial	 factor	 for	 a	 successful	 emulsion	 and	 miniemulsion	





decompose	 prematurely	 at	 a	 low	 temperature	 during	 the	 starting	 stages	 of	
polymerization	as	it	can	lead	to	a	low	conversion	and	a	broad	particle	size	distribution.	
Most	 of	 the	 initiators	 such	 as	 benzoyl	 peroxide	 (BPO),	 lauroyl	 peroxide	 (LPO),	 and	




rate	 of	 polymerization	 depends	 on	 the	 concentration	 of	 free	 radicals.	 The	 initiator	
concentration	has	 a	 significant	 effect	 on	 the	 concentration	of	 free	 radicals	 during	 the	
initial	 stages	when	 the	 conversion	 is	not	 very	high.	Hence,	an	 increase	 in	 the	 initiator	
concentration	 brings	 about	 an	 increase	 in	 the	 rate	 of	 polymerization.	 The	 rate	 of	
polymerization,	however,	becomes	independent	of	the	initiator	concentration	at	higher	
conversions.	 At	 these	 conversion	 levels,	 the	 reaction	 primarily	 proceeds	 through	 a	
heterogeneous	mechanism	 in	 the	particle	phase.	 Such	a	process	does	not	 involve	 the	











molecules	 to	 reach	 the	monomer	 sites	 in	 emulsions	 and	 growing	polymer	particles	 in	
miniemulsion	VAE	copolymerization.	An	increase	in	the	agitation	rate	usually	results	in	a	

















is	 not	 completely	 dissolved	 in	 the	 medium	 so	 the	 diffusion	 of	 the	 oxygen	 from	 the	










mechanism	 comprises	 of	 three	 intervals:	 (a)	 initial	 (particle	 formation	 or	 nucleation)	
stage,	(b)	particle	growth	stage	and	(c)	the	completion	stage.		




interacts	 with	 the	 hydrophobic	monomer.	 These	 exhibit	 an	 extremely	 large	 oil-water	
interfacial	area	for	diffusing	of	free-radicals	and	have	high	monomer	concentration.	After	
nucleation,	monomer-swollen	micelles	are	 transformed	 into	polymer	particles	 swollen	





the	 exterior	 surfaces	 of	 the	 particles.	 With	 the	 continued	 adsorption	 of	 micellar	







Particle	 growth	 stage	 (Interval	 II):	 Upon	 completion	 of	 the	 particle	 nucleation	
process,	 polymerization	 proceeds	 homogeneously	 in	 the	 polymer	 particles	 as	 the	
monomer	concentration	in	the	particles	is	maintained	at	a	constant	value	by	diffusion	of	
monomer	from	the	monomer	droplets	into	the	polymer	loci.	The	rate	of	polymerization	





Completion	 stage	 (Interval	 III):	 This	 is	 the	 final	 stage	 of	 the	 reaction	 where	
polymerization	continues	within	the	monomer-swollen	polymer	particles	formed	during	
Interval	 I,	and	persisted	and	grew	through	 Interval	 II.	 In	 the	 ideal	case,	 the	number	of	
reaction	loci	during	this	stage	is	essentially	fixed	at	the	number	which	had	become	formed	
at	the	end	of	Interval	I.	However,	the	concentration	of	monomer	in	the	reaction	loci	and	









The	 stability	 of	mini-emulsions	 can	 continue	 for	 as	 little	 as	 days	 to	 as	 long	 as	
months.	 Miniemulsions	 can	 be	 generated	 by	 dispersing	 the	 monomer	 phase	 in	 the	
aqueous	 phase	 by	 means	 of	 ultrasonication	 or	 vigorous	 mechanical	 agitation	
(homogenization).	 A	 mixed	 emulsifier	 system	 is	 employed	 which	 includes	 a	 classical	








The	 mechanism	 of	 miniemulsion	 copolymerization	 is	 quite	 similar	 to	 that	 of	
emulsion	polymerization	except	that	it	does	not	go	through	interval	II	in	the	Smith-Evart	
kinetics.	 The	 initiation	 process	 becomes	 more	 transparent	 when	 the	 rate	 of	









this	mean	 radical	 number,	 the	 polymerization	 kinetics	 starts	 to	 slow	 down	 again	 and	
follows	 the	kinetics	of	 interval	 III	described	 in	Section	2.2.	As	 reasoned	by	 the	droplet	
nucleation	mechanism,	only	the	monomer	in	the	droplet	is	available	for	polymerization,	
which	gets	exponentially	depleted	from	the	reaction	site	as	polymerization	proceeds	and	
gets	 completed.	 Figure	 2.1	 shows	 a	 schematic	 of	 (a)	 VAE	 emulsion	 and	 (b)	 VAE	
miniemulsion	copolymerization	systems.	As	can	be	seen,	the	VAc	monomer	has	to	diffuse	



















Particle	 size	 distribution	 (PSD)	 is	 by	 far	 the	most	 important	 characteristic	 of	 a	
monomer	miniemulsion	because	it	affects	directly	both	miniemulsion	stability	as	well	as	








not	 merge.	 Thus,	 a	 clear	 understanding	 of	 the	 mechanisms	 involving	 miniemulsion	
polymerization	 strongly	 depend	 on	 the	 accuracy	 with	 which	 the	 particles	 sizes	 are	
determined.	Dynamic	light	scattering	(DLS)	has	been	used	to	determine	the	droplets	size	
of	 the	 latex	 in	 this	 study.	 In	 this	 technique,	 vast	 dilution	 is	 needed	 to	 avoid	multiple	
scattering.	The	dilution	is	made	by	using	the	aqueous	phase	of	the	same	miniemulsion.	
Once	 they	are	 formed,	 the	miniemulsions	may	be	stored	 for	 some	time	until	 they	are	
polymerized.	 During	 this	 stage,	 particle	 size	 may	 increase	 because	 of	 degradation	 of	
droplets	 by	monomer	 diffusion.	 This	 is	 often	 the	most	 important	mechanism	 for	 the	









motion	 and	 van	 der	 Waals	 forces	 and	 because	 of	 droplet	 degradation	 by	 monomer	
diffusion	 [33].	 The	extent	of	 the	coalescence	may	be	greatly	 reduced	by	using	a	good	
surfactant	system.	On	the	other	hand,	the	extent	of	the	droplet	degradation	by	monomer	
diffusion	can	be	largely	minimized	by	including	a	co-surfactant	in	the	formulation.	It	is	to	
be	 noted	 that	 all	 miniemulsion	 formulations	 include	 the	 co-surfactant.	 An	 important	
characteristic	 of	 the	 co-surfactant	 is	 to	 modify	 the	 thermodynamics	 involving	 the	
partitioning	 of	 the	 monomer,	 thereby	 influencing	 the	 monomer	 mass	 transfer	 rate.	
Influencing	 the	 monomer	 mass	 transfer	 can	 play	 a	 crucial	 role	 in	 influencing	 the	




The	 following	 scheme	 is	 a	 kinetic	 mechanism	 for	 a	 typical	 free	 radical	
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electrons	 are	 coupled	 to	 form	 a	 single	 bond	 between	 them.	 In	 termination	 via	
disproportionation,	there	is	an	abstraction	of	proton	from	the	penultimate	carbon	of	one	











throughout	 the	entire	duration	of	 the	polymerization.	 In	other	words,	as	 the	ethylene	

























































































During	 the	 free	 radical	 copolymerization	of	 two	co-monomers	M1	and	M2,	 it	 is	
interesting	aspect	 to	 relate	 the	 final	 copolymer	 composition	with	 the	 initial	monomer	




















































































r1 <	1,	r2 > 1
















using	 sodium	dodecyl	 sulfate	 as	 the	 surfactant.	 Potassium	persulfate	 (KPS)	which	was	
used	as	the	initiator	for	the	polymerization	was	also	added	to	the	mix.	In	the	case	of	vinyl	
acetate-ethylene	 copolymerization,	 ethylene	 was	 the	 other	 monomer	 that	 was	
pressurized	 in	gaseous	phase	over	 the	 reactor	 contents.	However,	 in	 the	case	of	vinyl	
acetate	homo-polymerization,	nitrogen	was	purged	into	the	contents	as	an	inert	gas	in	
place	of	ethylene.		
Miniemulsions	 are	 made	 by	 the	 application	 of	 high	 shear	 force	 on	 a	 normal	





ultrasonication	 in	 this	 study.	 Emulsions	 containing	 the	 oil	 phase,	 aqueous	 phase,	
surfactant	 and	 the	 co-surfactant	 were	 subjected	 to	 high	 shear	 using	 a	 tip	 sonicator	
(Omniruptor	250)	at	30	kHz	for	14	minutes	in	all	the	experiments.	This	resulted	in	a	stable	



















shows	 a	 schematic	 of	 the	 low	 pressure	 reactor	 used	 in	 the	 study.	 Either	 nitrogen	 or	
ethylene	gas	would	flow	from	their	respective	gas	cylinders	into	the	reactor	via	three	way	
valves	 and	 a	 pressure	 gauge	 that	 monitors	 the	 pressure.	 The	 temperature	 is	 solely	
controlled	by	a	heat	pad	and	there	is	no	coolant	used	in	the	system.	The	temperature	of	
both	 the	 reactor	 contents	 and	 the	 water	 from	 the	 water	 bath	 is	 monitored	 via	





























agitated	 at	 700	 rpm	 and	 the	 temperature	 was	 maintained	 at	 60°C	 by	 Eurotherm	 92	
temperature	control	(Autoclave	Engineers).	This	steady	maintenance	of	temperature	at	
60°C	 is	 brought	 about	 by	 a	 solenoid	 valve	 that	 creates	 a	 balance	 between	 the	 heat-
supplying	high	temperature	furnace	that	surrounds	the	reactor	wall	and	a	heat-absorbing	
coolant	 jacket	 that	 carries	water	 through	 the	 reactor.	The	 temperature	of	 the	 reactor	
contents	was	monitored	by	a	thermostat	inserted	into	the	reactor.	The	experimental	run	
was	4	hours	 long	with	 the	 timer	 initiated	as	and	when	agitation	and	 the	 temperature	
controller	was	switched	on.	Unlike	the	low	pressure	reactor,	the	high	pressure	reactor	did	
not	have	a	provision	 for	 taking	 samples	during	 the	 run.	A	 snoop	solution	was	used	 to	
detect	leaks	at	joints	prior	to	every	run.	At	the	end	of	the	run,	the	gas	outlet	was	slowly	
opened	allowing	the	ethylene	to	escape	thereby	reducing	the	pressure	in	the	reactor.	The	
synthesized	 emulsion	 was	 then	 stored	 and	 tested	 for	 particle	 size,	 composition	 and	





























TSC = ABCDEF	GH	IJKFB.LMCBL	JKFBN 	O	ABCDEF	GH	IJKFB
ABCDEF	GH	IJKFB.PKQIJB 	O	ABCDEF	GH	IJKFB













were	 performed	 in	 the	 homodyne	 mode	 at	 90◦	 scattering	 angle.	 Polymer	
emulsion/miniemulsion	samples	were	diluted	1000-fold	in	deionized	water	prior	to	the	
measurements.	 After	 dilution,	 1	 ml	 of	 the	 sample	 was	 placed	 in	 a	 12	 mm	 square	
polystyrene	cuvette	(Malvern	Instruments)	followed	by	equilibration	to	25°C	before	the	
measurement.	 The	 first	measurement	 of	 particle	 sizes	were	measured	 right	 after	 the	
polymerization.	Consequent	measurements	were	also	done	on	a	weekly	basis	to	monitor	








obtain	 the	 conversion	 from	 the	 monomers.	 Copolymer	 composition	 was	 determined	











































All	 rheological	 experiments	were	performed	on	TA	 instruments	AR2000	 stress-







and	 poly-vinyl	 acetate	 polymer	 material.	 As	 it	 is	 lighter,	 inertial	 effects	 can	 also	 be	
neglected.	A	larger	diameter	of	60	mm	was	ideal	for	low	viscosity	samples	such	as	VAE	
emulsions.	Solvent	drying	was	minimized	through	the	use	of	a	solvent	trap.	Steady	shear	
experiments	were	 performed	 to	 determine	 the	 apparent	 viscosity	 of	 the	 sample	 as	 a	
function	of	shear	rate.	The	value	of	viscosity	of	the	sample	was	taken	when	the	viscosity	
was	 independent	 of	 the	 changing	 shear	 rate.	 Figure	 3.8	 shows	 a	 photograph	 of	 the	
rheometer	and	the	cone	and	plate	geometry	used	in	the	study.	
	
(a) 			 	 	 	 	 	 (b)	
	 																													 	
	















results	 have	been	presented	 in	 two	parts	 –	 conventional	 vinyl	 acetate	 polymerization	
followed	by	miniemulsion	polymerization	of	vinyl	acetate.	The	reaction	conditions	for	the	
experiments	 involving	 emulsion	 copolymerization	 of	 vinyl	 acetate	 with	 ethylene	 are	
shown	 in	 Appendix	 A.1.	 The	 effect	 of	 initiator	 and	 surfactant	 concentration	 on	 the	





Selection	 of	 a	 suitable	 initiator	 for	 a	 system	 is	 a	 crucial	 factor	 for	 a	 successful	
emulsion	and	miniemulsion	polymerization.	The	initiator	used	in	this	study	is	potassium	
persulfate	 (KPS).	 Varying	 the	 ratio	 of	 initiator	 concentration	 to	 monomer	 (I/M)	





distribution	 and	 variation	 of	 monomer	 conversion	 with	 reaction	 time	 gives	 a	 good	
indication	of	the	stability	of	the	polymer	latex	and	the	rate	of	polymerization	respectively.		






different.	ME-VAc	11	achieves	this	value	 in	about	40	minutes	while	 it	 takes	about	120	
minutes	for	ME-VAc	06	to	achieve	this	monomer	conversion.	This	is	because	of	the	fact	
that	a	high	initiator	concentration	results	in	an	increase	in	the	amount	of	radicals	available	
















































been	 used	 as	 the	 anionic	 surfactant	 in	 this	 study.	 Varying	 the	 ratio	 of	 surfactant	
concentration	to	monomer	(S/M)	concentration	and	observing	the	properties	of	the	latex	









































































































































The	 next	 set	 of	 the	 preliminary	 studies	 involved	 conducting	 some	 baseline	
experiments	for	miniemulsion	polymerization.	Miniemulsion	polymerization	was	done	by	
homogenizing	 for	 this	 run.	 The	 TSC	 of	 a	 miniemulsion	 polymerization	 was	 initially	






























in	 normal	 emulsion	 run	 and	 about	 90%	 in	 the	miniemulsion	 run.	 The	 reason	why	 the	
conversion	did	not	reach	higher	values	was	probably	because	of	gel	effect,	a	phenomenon	
caused	by	decrease	in	termination	rate	constants	at	higher	conversions	because	of	lower	
mobility	 of	 polymer	 chains	 [36].	 Since	 it	 is	 a	 homo-polymerization	 run,	 there	 is	 direct	
conversion	between	the	TSC	and	the	correspond	monomer	conversion	at	that	point.	The	
calculation	 becomes	 a	 little	more	 complicated	 in	 a	 copolymerization	 where	 the	 total	





























































































ME-VAc	 03	 and	 MU-VAc	 04.	 ME-VAc	 03	 is	 normal	 emulsion	 while	 MU-VAc	 04	 is	 a	
miniemulsion.	The	mean	particle	size	of	the	miniemulsion	is	higher	than	of	the	normal	
emulsion.	Similar	results	were	observed	by	some	authors	 [37],	where	when	emulsions	
and	 miniemulsions	 were	 produced	 under	 identical	 conditions,	 the	 particle	 sizes	 of	
miniemulsions	were	greater	than	that	observed	in	emulsions.	
Miniemulsions	 are	 made	 by	 the	 application	 of	 high	 shear	 force	 on	 a	 normal	




noted	 that	 ultrasonication	 produces	 a	 narrower	 distribution	 in	 particle	 sizes	 [37].	
Generating	a	minemulsion	from	an	emulsion	was	primarily	done	by	ultrasonication	in	the	













Emulsion	 and	 miniemulsion	 homo-polymerization	 of	 vinyl	 acetate	 has	 been	
conducted	 at	 different	 experimental	 conditions.	 Increasing	 the	 initiator	 concentration	











































ensure	good	mixing,	 the	agitation	speed	was	set	 to	400	rpm	 in	 the	 low	pressure	glass	
reactor	 and	 to	 700	 rpm	 in	 the	 high	 pressure	 autoclave	 reactor	 taking	 the	 volume	 of	
contents	into	consideration.		
Figure	5.1	shows	a	plot	of	total	solids	content	(g-polymer/g-mixture)	against	time	
(min)	 for	 VAE	 emulsion	 copolymerization	 run	 as	 compared	 to	 a	 VAc	 emulsion	 homo-
polymerization	 run	 made	 with	 similar	 VAc	 monomer	 concentration.	 The	 initiator	

















































































1 + 0.259 = 0.206	
	































































































































Figure	 5.4.	 Particle	 size	 distributions	 of	 VAE	 copolymers	 with	 different	





































































In	 order	 to	 determine	 and	 further	 confirm	 the	 right	 amount	 of	 surfactant	









































study	the	manner	 in	which	ethylene	gets	 incorporated	 into	the	copolymer	at	different	
time	 points	 for	 a	 conventional	 emulsion	 and	 later	 in	 a	miniemulsion	 in	 the	 following	





























































15	 1.545	 0.237	 0.178	 0.151	 0.849	 0.055	 0.945	 0.082	 0.326	
20	 3.076	 0.471	 0.173	 0.147	 0.853	 0.053	 0.947	 0.240	 0.483	
30	 2.453	 0.376	 0.154	 0.133	 0.867	 0.048	 0.952	 0.343	 0.870	
120	 1.134	 0.174	 0.195	 0.163	 0.837	 0.060	 0.940	 0.162	 0.875	
180	 1.029	 0.158	 0.234	 0.190	 0.810	 0.071	 0.929	 0.147	 0.865	





The	TSC	 reaches	about	14.3%	at	 the	end	of	 this	 run	while	 the	vinyl	acetate	monomer	









































































the	 reaction,	 there	 are	 no	 more	 large	 monomer	 droplets	 remaining	 and	 hence	 the	








































































MU-VAE	35	 100	 0.281	 0.219	 0.781	 0.084	 0.916	
MU-VAE	51	 150	 0.480	 0.324	 0.676	 0.135	 0.865	
MU-VAE	37	 200	 0.575	 0.365	 0.635	 0.158	 0.842	
MU-VAE	53	 250	 0.843	 0.457	 0.543	 0.215	 0.785	
MU-VAE	39	 300	 0.956	 0.489	 0.511	 0.237	 0.763	
All	measurements	taken	at	the	end	of	reaction	at	t	=	240	min	
	















summarizes	 the	 mean	 particle	 sizes	 at	 different	 time	 points	 for	 these	 particle	 size	













































































































































ME-VAE	35	 100	 80.6	 103.4	 132.1	
ME-VAE	51	 150	 82.2	 188.1	 194.0	
ME-VAE	37	 200	 97.4	 109.5	 144.3	
ME-VAE	53	 250	 139.2	 160.4	 188.3	



































become	more	 closely	packed	and	 it	becomes	more	difficult	 for	 them	 to	move	around	
freely.	 Thus	 the	 particle-particle	 interactions	 increase	 and	 the	 resistance	 to	 flow	 also	




































Figure	 5.13	 shows	 the	 dependence	 of	 viscosity	 with	 shear	 stress	 for	 two	























of	 the	 high	 pressure	 latex	 whose	 viscosity	 is	 around	 2.94x10-3	 Pa.s.	 This	 increase	 in	




Figure	 5.13.	 Plot	 of	 viscosity	 (Pa.s)	 versus	 shear	 stress	 (Pa)	 for	 two	 VAE	 emulsion	



























to	 ethylene	 incorporation	 in	 the	 former.	 Increasing	 the	 monomer	 concentration	
increased	the	TSC	of	the	final	VAE	polymer	latex.	An	increased	TSC	also	resulted	in	a	higher	
viscosity	of	the	final	latex.	Particle	size	distribution	studies	showed	that	the	distribution	
was	 bimodal	 in	 the	 early	 stages	 of	 polymerization,	 due	 to	 the	presence	of	 both	 large	
monomer	 droplets	 and	 relatively	 smaller	 polymer	 particles.	 Increasing	 the	 ethylene	




















pressure	 miniemulsion	 copolymerization	 of	 vinyl	 acetate	 and	 ethylene.	 The	 reaction	
conditions	for	the	experiments	involving	miniemulsion	copolymerization	of	vinyl	acetate	







under	 emulsion	 and	 miniemulsion	 conditions	 for	 VAE	 copolymer,	 as	 well	 as	 the	
miniemulsion	 conditions	 for	 VAc	 homo-polymer.	 It	 can	 be	 seen	 that	 most	 of	 the	
polymerization	takes	place	during	the	first	one	hour	after	which,	it	converges	to	certain	
value.	During	 the	 first	 few	minutes	 of	 polymerization,	 It	 can	 be	 seen	 that	 the	 rate	 of	

























Figure	 6.1.	 Plot	 of	 total	 solids	 content	 (g-polymer/g-mixture)	with	 time	 (min)	 for	 VAE	
miniemulsion	 copolymer	 (MU-VAE	 10	 and	 MU-VAE	 55:	 0.265	 g-VAc/g-mixture)	 as	
compared	to	that	of	VAc	miniemulsion	homo-polymer	(MH-VAc	05	and	MH-VAc	19:	0.265	





describes	 the	 total	 solid	 polymer	 content	 which	 comprises	 of	 both	 vinyl	 acetate	 and	
ethylene.	An	 interesting	aspect	would	be	 to	 study	 the	manner	 in	which	ethylene	gets	
incorporated	into	the	copolymer	at	different	time	points	for	a	miniemulsion	and	compare	































































15	 1.860	 0.285	 0.603	 0.376	 0.624	 0.041	 0.121	
30	 1.263	 0.193	 0.513	 0.339	 0.661	 0.122	 0.541	
45	 1.416	 0.217	 0.470	 0.320	 0.680	 0.153	 0.610	
60	 1.867	 0.286	 0.383	 0.997	 0.003	 0.311	 0.967	
120	 2.406	 0.368	 0.333	 0.250	 0.750	 0.387	 0.947	






































































molecules	 in	 the	 vicinity	 of	 the	monomer	 droplets	 in	 the	 case	 of	 an	 emulsion,	which	









































Some	particle	 size	measurements	were	 taken	 in	 order	 to	 study	 the	 copolymer	
latex	stability	of	miniemulsions	as	compared	to	conventional	VAE	emulsion	copolymers.	
Figure	6.4	shows	the	plot	of	the	particle	size	distributions	at	two	different	time	points	of	
the	 same	 miniemulsion	 run	 MU-VAE	 17.	 The	 first	 one	 was	 taken	 right	 after	 the	
ultrasonication	 process	 but	 before	 the	 start	 of	 polymerization	 while	 the	 second	
measurement	was	taken	after	the	polymerization	run.	A	decrease	of	particle	size	upon	
ultrasonication	 has	 been	 observed	 by	 authors	 as	 well	 [38,	 39].	 After	 employing	 high	













In	 order	 to	 study	 the	 differences	 in	 particle	 stability	 of	 miniemulsion	 latex	
obtained	 by	 both	 homogenizing	 and	 ultrasonication	 as	 compared	 to	 a	 conventional	
emulsion	 latex,	 the	particle	 size	distributions	of	 two	runs	MH-VAE	08,	MU-VAE	10	are	
shown	in	Figure	6.5.	There	was	not	much	of	a	difference	in	mean	particle	sizes	between	
that	 of	 an	 emulsion	 and	 a	miniemulsion.	While	 the	mean	 particle	 size	was	 greater	 in	
emulsions	for	some	of	the	runs,	it	was	lesser	than	that	of	miniemulsions	in	the	other	runs.	
However,	 it	could	be	seen	more	or	 less	that	 increase	the	surfactant	to	monomer	ratio	
often	 produced	 a	 latex	 with	 smaller	 particle	 sizes.	 Although	 both	 the	 miniemulsion	
methods	produce	distributions	with	comparable	mean	particle	sizes	of	around	113	nm	





















ultrasonication	 produces	 a	 narrower	 distribution	 in	 particle	 sizes.	 All	 high	 pressure	






































show	that	 irrespective	of	 the	high	energy	 shearing	method	employed	 to	generate	 the	
miniemulsion,	 the	 viscosities	 of	 the	 miniemulsions	 generated	 by	 homogenizing	 and	
ultrasonication	are	almost	the	same.		
	



























while	 that	 of	 the	miniemulsion	 is	 lower	 at	 1.68	mPa.s.	 It	 was	 found	 that	 the	 latexes	
produced	by	miniemulsion	polymerization	had	lower	viscosities	than	those	obtained	by	
conventional	 emulsion	 polymerization,	 the	 reason	 being	 the	 broader	 particle	 size	
distribution	as	described	by	some	authors	[40].	Studies	by	other	authors	showed	that	the	
viscosity	 of	 polymer	 prepared	 by	 conventional	 emulsion	 can	 be	 as	 large	 as	 6.5	 times	
higher	than	the	latex	obtained	using	the	miniemulsion	process	[41].	This	is	because	as	the	
mean	distance	of	separation	between	the	droplets	decreases,	it	leads	to	an	increase	in	
hydrodynamic	 interaction	 and	 viscosity.	Moreover,	 due	 to	 the	 quite	 short	 nucleation	
period	of	conventional	emulsion,	most	of	the	particles	are	formed	at	the	same	period	of	
time,	leading	to	particles	with	rather	non-homogeneous	sizes.	In	the	miniemulsion	case,	
however,	 the	 narrow	 distribution	 of	 monomer	 particle	 size	 together	 with	 the	 longer	
nucleation	period	leads	to	such	a	narrow	particle	size	distribution,	which	conducts	to	a	
lower	 viscosity.	 As	 there	 was	 no	 significant	 difference	 particle	 size	 distributions	 of	






latexes	 of	 similar	 size	 produced	 by	 miniemulsion	 and	 conventional	 emulsion	









In	 order	 to	 answer	 the	 core	 objective	 of	 this	 research	 work	 as	 to	 how	
miniemulsions	overcome	mass	transport	limitations	especially	at	higher	ethylene	partial	




















































MU-VAE	36	 100	 0.346	 0.257	 0.743	 0.101	 0.899	
MU-VAE	52	 150	 0.573	 0.364	 0.636	 0.157	 0.843	
MU-VAE	38	 200	 0.796	 0.443	 0.557	 0.206	 0.794	
MU-VAE	54	 250	 0.928	 0.481	 0.519	 0.232	 0.768	




Figure	 6.8	 comprehensively	 summarizes	 the	 Et/VAc	 ratios	 in	 all	 the	 normal	
emulsion	runs	at	different	ethylene	partial	pressures.	It	can	be	seen	that	as	the	partial	















































right	 after	polymerizations	–	no	pattern	was	observed	as	 the	pressure	was	 increased.	
Also,	 miniemulsions	 show	 more	 stability	 at	 different	 ethylene	 partial	 pressures	 as	

















































































































MU-VAE	36	 100	 100.8	 103.5	 106.5	
MU-VAE	52	 150	 94.9	 98.4	 102.7	
MU-VAE	38	 200	 95.0	 96.8	 103.0	
MU-VAE	54	 250	 103.6	 106.2	 111.4	



































in	 the	 vinyl	 acetate	 droplets	 in	 the	monomer	 phase	 and	 see	 if	 there	 is	 a	 correlation	






























the	 reactivity	 ratios	 of	 vinyl	 acetate	 and	 ethylene	 measured	 at	 different	 reaction	
conditions	are	listed	in	Table	6.4.	Among	all	the	values	shown,	the	reaction	conditions	of	
experiments	conducted	by	German	and	Heikens	[43]	and	Rätzsch	et	al.	[45]	match	closely	









Table	 6.4.	 Reactivity	 ratios	 of	 vinyl	 acetate	 and	 ethylene	 under	 different	 reaction	
conditions	as	determined	by	various	authors	






1.08	 1.07	 90	 14223	 Bukhart	and	Zutty	(1963)	 [44]	
1.37	 0.77	 60	 1470	 Rätzsch	et	al.	(1971)	 [45]	
0.70	 0.42	 135	 4410	 Filley	et	al.	(2002)	 [46]	
1.00	 1.01	 150	 11948	 Brown	and	Ham	(1964)	 [47]	
1.14	 0.16	 60	 1422	 Erussalimsky	et	al.	(1967)	 [48]	
3.70	 0.70	 60	 17068	 Erussalimsky	et	al.	(1967)	 [48]	










acetate	 is	 obtained	 by	 using	 1H	 NMR	 data	 and	 gravimetric	 methods	 while	 the	 mole	
fraction	of	ethylene	in	monomer	phase	is	obtained	using	Mayo-Lewis	equation	from	the	







Time	(min)		 Et/VAc	 (mol/mol	 in	
copolymer)	
Mole	fractions	(mol/mol)	
F1	 F2	 f1	 f2	
15	 0.178	 0.849	 0.151	 0.791	 0.209	
20	 0.173	 0.853	 0.147	 0.796	 0.204	
30	 0.154	 0.867	 0.133	 0.814	 0.186	
120	 0.195	 0.837	 0.163	 0.776	 0.224	
180	 0.234	 0.810	 0.190	 0.743	 0.257	














F1	 F2	 f1	 f2	
15	 0.603	 0.624	 0.376	 0.534	 0.466	
30	 0.513	 0.661	 0.339	 0.573	 0.427	
45	 0.470	 0.680	 0.320	 0.593	 0.407	
60	 0.383	 0.723	 0.277	 0.641	 0.359	
120	 0.333	 0.750	 0.250	 0.671	 0.329	












































































































































acetate	 decreases	 over	 the	 course	 of	 the	 polymerization	 and	 therefore	 the	 absolute	
concentration	of	ethylene	dissolved	in	it	will	also	show	a	decrease.	The	concentration	of	






























































































































































6.6.3.	 Obtaining	 ethylene	 concentration	 in	 bulk	 phase	 at	 different	 ethylene	 partial	
pressures	
Table	6.7	lists	the	values	of	mole	fractions	of	ethylene	and	vinyl	acetate	at	the	end	
of	 the	 reaction	 run	 (t	 =	240	minutes)	 in	both	 the	 copolymer	as	well	 as	 in	 the	organic	
monomer	phase	using	the	Mayo-Lewis	equation	and	the	calculated	reactivity	ratios.	Since	
samples	could	not	be	taken	from	the	high	pressure	reactor	at	different	time	points,	the	
incorporation	 of	 ethylene	 could	 not	 be	 tracked	 at	 different	 time	 points	 for	 each	













F1	 	 F2	 f1	 f2	
80	 0.244	 0.804	 0.196	 0.833	 0.167	
100	 0.281	 0.781	 0.219	 0.810	 0.190	
150	 0.550	 0.645	 0.355	 0.683	 0.317	
200	 0.575	 0.588	 0.412	 0.586	 0.414	
250	 0.888	 0.530	 0.470	 0.530	 0.470	

















F1	 F2	 f1	 f2	
80	 0.275	 0.784	 0.216	 0.813	 0.187	
100	 0.346	 0.743	 0.257	 0.769	 0.231	
150	 0.573	 0.636	 0.364	 0.646	 0.354	
200	 0.796	 0.557	 0.443	 0.547	 0.453	
250	 0.928	 0.519	 0.481	 0.499	 0.501	













Figure	 6.16.	 Plot	 of	 ethylene	mole	 fraction	 in	 copolymer	 phase	 versus	 ethylene	mole	

















































studied	 and	 plotted	 in	 Figure	 6.18.	 It	 can	 be	 observed	 that	 as	 the	 partial	 pressure	 of	
ethylene	increases,	the	ethylene	mole	fraction	in	the	bulk	phase	also	increases	for	both	






polymer	chain.	This	 increased	presence	of	ethylene	around	 the	polymerization	sites	 is	
possible	only	when	ethylene	molecules	overcomes	 the	mass	 transport	 limitations	and	
reach	 the	polymerization	 loci.	With	 all	 the	experimental	 data	 shown	 till	 now,	 there	 is	



































































































the	 aqueous	 phase	 is	 minimized	 in	 miniemulsion	 polymerization.	 Conventional	 semi-
batch	 emulsion	 copolymerization	 of	 vinyl	 acetate	 and	 ethylene	 is	 controlled	 by	 the	
monomer	transfer	 from	the	droplets	to	the	polymerization	 locus	through	the	aqueous	
phase,	which	 greatly	 limits	 the	 incorporation	of	water	 insoluble	 ethylene.	 In	 contrast,	
miniemulsion	 copolymerization	 does	 not	 involve	 the	 diffusion	 of	 ethylene	 molecules	




stable	 than	 their	 conventional	 emulsion	 counterparts	 made	 under	 similar	 reaction	

































Glass	 transition	 temperature,	 one	 of	 the	 very	 crucial	 properties	 of	 a	 polymer,	 can	 be	









































ME-VAc	01	 E	 8.89	 0.37	 0.166	 0.94	 0.50	 -	
MH-VAc	02	 H	 8.89	 0.37	 0.166	 0.94	 0.50	 4.49	
ME-VAc	03	 E	 6.11	 0.46	 0.265	 1.40	 0.50	 -	
MH-VAc	05	 H	 6.11	 0.46	 0.265	 1.40	 0.50	 4.64	
ME-VAc	06	 E	 6.11	 0.46	 0.265	 1.40	 0.50	 -	
ME-VAc	08	 E	 12.22	 0.37	 0.126	 3.45	 1.22	 -	
ME-VAc	11	 E	 6.11	 0.46	 0.265	 1.40	 1.00	 -	
ME-VAc	12	 E	 6.11	 0.46	 0.265	 2.01	 1.00	 -	
ME-VAc	14	 E	 8.89	 0.37	 0.166	 0.94	 0.50	 -	
MH-VAc	16	 H	 8.89	 0.37	 0.166	 0.94	 0.50	 4.49	
ME-VAc	17	 E	 6.11	 0.46	 0.265	 1.39	 0.50	 -	
MH-VAc	19	 H	 6.11	 0.46	 0.265	 1.40	 0.50	 4.64	
ME-VAc	20	 E	 6.11	 0.46	 0.265	 1.40	 0.50	 -	
ME-VAc	26	 E	 11.67	 0.37	 0.132	 3.73	 1.22	 -	



































ME-VAE	43	 Lo	 8.33	 0.33	 0.159	 0.92	 0.31	 80	
ME-VAE	45	 Lo	 8.33	 0.33	 0.159	 0.97	 0.31	 80	
ME-VAE	04	 Lo	 6.11	 0.46	 0.263	 1.40	 0.50	 90	
ME-VAE	05	 Lo	 6.11	 0.56	 0.305	 1.13	 0.40	 90	
ME-VAE	06	 Lo	 6.11	 0.67	 0.344	 0.95	 0.34	 90	
ME-VAE	07	 Lo	 6.11	 0.78	 0.379	 0.82	 0.29	 90	
ME-VAE	49	 Lo	 6.11	 0.46	 0.263	 1.40	 0.50	 90	
ME-VAE	50	 Lo	 6.11	 0.56	 0.305	 1.13	 0.40	 90	
ME-VAE	35	 Hi	 21.11	 0.76	 0.147	 0.97	 0.31	 100	
ME-VAE	51	 Hi	 21.11	 0.76	 0.147	 0.97	 0.31	 150	
ME-VAE	37	 Hi	 21.11	 0.76	 0.147	 0.97	 0.31	 200	
ME-VAE	18	 Hi	 21.11	 0.78	 0.151	 0.97	 0.30	 200	
ME-VAE	53	 Hi	 21.11	 0.76	 0.147	 0.97	 0.31	 250	











































MU-VAE	43	 U	 Lo	 8.33	 0.16	 0.084	 0.78	 0.50	 7.05	 80	
MU-VAE	44	 U	 Lo	 8.33	 0.16	 0.084	 0.97	 0.50	 7.05	 80	
MU-VAE	46	 U	 Lo	 8.33	 0.33	 0.159	 1.16	 0.50	 7.05	 80	
MU-VAE	48	 U	 Lo	 8.33	 0.33	 0.159	 1.16	 0.50	 7.05	 80	
MH-VAE	08	 H	 Lo	 6.11	 0.46	 0.265	 1.01	 0.40	 3.07	 100	
MU-VAE	10	 U	 Lo	 6.11	 0.46	 0.265	 1.01	 0.40	 3.07	 100	
MU-VAE	17	 U	 Lo	 6.11	 0.46	 0.265	 1.01	 0.40	 3.02	 100	
MU-VAE	55	 U	 Lo	 6.11	 0.46	 0.265	 1.01	 0.40	 3.07	 100	
MU-VAE	36	 U	 Hi	 21.11	 0.76	 0.147	 0.79	 0.50	 6.98	 100	
MU-VAE	52	 U	 Hi	 21.11	 0.76	 0.147	 0.78	 0.50	 6.98	 150	
MU-VAE	38	 U	 Hi	 21.11	 0.76	 0.147	 0.79	 0.50	 6.98	 200	
MU-VAE	54	 U	 Hi	 21.11	 0.76	 0.147	 0.78	 0.50	 6.98	 250	
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